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The hydrogenation of benzalacetone and benzalacetophenone was carried out using atomic hydrogen
permeating through a palladium membrane. A two-compartment cell separated by a Pd sheet or a pal-
ladized Pd (Pd/Pd black) sheet electrode was employed. The reduction products were identified by (GC)
gas chromatography, UV-vis absorption spectroscopy and NMR spectroscopy. The carbon-carbon double
bond was hydrogenated and the benzylacetone and benzylacetophenone were obtained as products using
palladium catalyst. The current efficiency for hydrogenation reaction increases when the current den-

KeyV\./ords: . sity for water electrolysis decreases and depends on the initial chalcone concentration. It is over 90% at
Hydrogenation . . . . Lo .
Chalcones the concentration of 10 mmol L. The hydrogen absorption and diffusion into and through a palladium

membrane electrode has been studied by using an electrochemical impedance spectroscopy method. The
impedance results would indicate that the hydrogen permeated through the membrane is consumed by
the chalcone during the hydrogenation process keeping as the permeable boundary condition in the outer
side of the Pd membrane the hydrogen activity almost zero. The hydrogen entering the metal through

Hydrogen permeating
Palladium electrode
Selective reduction

an adsorbed state and the rate of hydrogen absorption is diffusion-controlled.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Chalcones are a,3-unsaturated ketones, which have four pos-
sible substituents: R1, R2, R3 and R4. R1 is the substituent in the
Ca, in the CB and R4 is directly bound to the carbonyl group
(Fig. 1). In benzalacetone, the substituent R1 is a phenyl (CgHs)
group and R4 a methyl group; while, in benzalacetophenone both
R1 and R4 are CgHs5 groups. Some chalcones are open chain flavo-
noids whose basic structure includes two aromatic rings connected
by an a,3-unsaturated carbonyl group. They are usually obtained
from natural products with extractive techniques [1-3] or by seve-
ral homogeneous [4,5] and heterogeneous [6,7] synthetic methods.
The importance of these chalcones is due to their wide range of
biological and chemical properties.

Reduction reaction of a,[3-unsaturated carbonyl compounds [8]
can occur in different ways. It may lead to different products such
as (a) an allylic alcohol, resulting from the attack of an hydride
the carbonyl group, (b) a saturated carbonyl compound, resul-
ting from the hydrogenation of the carbon-carbon double bond
and (c) a saturated alcohol resulting from the reduction of the
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carbon-carbon double bond as well as the carbonyl group [9]. The
most common hydrogenation catalysts are transition metals. On
metals the reactivity of isolated C=C bond is always higher than
that of C=0 bonds and this behavior is likely related to the bond
adsorption strength [10]. Palladium is a very good catalyst for the
C=C hydrogenations, but a very bad catalyst for hydrogenation of
carbonyl compounds. It is known that this is due to a too weak
adsorption of carbonyls under reaction conditions. On the other
hand, the selective hydrogenation of the «,3-unsaturated ketones
to obtain the corresponding unsaturated alcohols need the activa-
tion of the carbonyl group which is less reactive than the olefinic
bond. Modified metal with cation [11], single crystals [12], poly-
crystalline nanoparticles and orientated nanoparticles supported
on carbon are employed for the hydrogenation of «,[3-unsaturated
compounds [13]. Santori et al. [14] investigated the behavior of
Pt/SiO, and tin-modified Pt catalysts, in the hydrogenation of aro-
matic ketones such as acetophenone, 3,4-dimethoxyacetophenone,
benzophenone and chalcone. The different catalysts used led to
high selectivity values of the desired products.

The electrocatalytic hydrogenation (ECH) is one of those
methods which have been used since the beginning of the last cen-
tury [15]. The active hydrogen is produced in powdered cathodes,
particularly on Raney-nickel or palladium over carbon catalysts.
The outset is similar to the catalytic hydrogenation (CH) where
unsaturated molecules as well as hydrogen atoms are adsor-
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Fig. 1. Scheme of chalcones.

bed on the catalyst surface. However, the catalytic hydrogenation
frequently needs high temperature and pressure to sustain the
process. In the electrocatalytic method, the H,qs is produced by
the proton discharge onto surface sites. Thus, the advantage of
the electrocatalytic method is the in situ generation of atomic
hydrogens on the surface of the electrode, which can be directly
used for the envisaged hydrogenation. Several techniques were
developed to improve the electrocatalytic hydrogenation [16]. The
electrocatalytic method was also employed on the chalcone reduc-
tion reaction in early research performed by a Russian group [17].
They studied the reduction of benzalacetophenone at a platinized
platinum (Pt/Pt) electrode in dioxane-sulfuric acid solution. Chro-
matographic analysis disclosed that dihydrochalcone was formed
during electrolysis. Recently, Calvo et al. demonstrated the good
agreement between electrocatalytic hydrogenation method and
heterogeneous catalysis [18]. They performed the hydrogenation
of ethyl pyruvate to yield S-ethyl lactate over palladium supported
on carbon felt electrodes modified with cinchonidine. Their results
were in good agreement with previously reported heterogeneous
enantioselective hydrogenation on Pd/C catalyst using molecular
hydrogen at high pressure. The ECH limitation is the requirement
of a large surface of the catalyst employed as working electrode
and the need of adding a supporting electrolyte that often leads to
difficulties with subsequent product purification procedures.

Inoue et al. have developed a new hydrogenation system using
atwo-compartment cell separated by a Pd sheet with a thickness of
50 wm [19]. This system was composed of three processes, which
were the following: (i) the electrochemical production of atomic
hydrogen by water electrolysis on one side of the Pd sheet, (ii)
permeation of the atomic hydrogen through the Pd sheet and (iii)
hydrogenation on the other side. The water electrolysis and the
hydrogenation reaction proceed on different sides of the metal
sheet. As a consequence, it is not necessary to separate the sup-
porting electrolyte from the products. The method was used for
hydrogenation of styrene [19], 4-methyl styrene [20], in the hydro-
genolysis of the azo dye amaranth [21] and in the dechlorination
of 4-chlorotoluene [22]. To the best of our knowledge, this system
has never been assayed with chalcones.

The hydrogenation process would be described as follows [22]:
in the electrolytic reduction of water at one side of the Pd sheet
electrode in alkaline solution, one-electron reduction of the water
molecule occurs

HyO+M+e~ = MH,q + OH" (1)

where MH,q4 represents an hydrogen atom adsorbed on the Pd
sheet. Most of H,4 atoms diffuse into the Pd sheet at a velocity pro-
portional to their concentration gradient to reach the other side of
the Pd sheet.

H,g (side 1)= Hy, 2)

where H,,, represent the absorbed hydrogen. Permeated hydrogen
atoms via an adsorption step at the other side are utilized as the
hydrogen source for the hydrogenation of organic molecules.

Hu, = Haq (side 2) 3)

Y4 + 2Hag (side2) = HpY (4)

In the present work the hydrogenation of benzalacetophenone
and benzalacetone is performed using atomic hydrogen permea-
ting through a Pd and modified palladized Pd sheet electrode. The
objective is to optimize the hydrogenation method using simple
chalcones to obtain exclusively dihydrochalcones as reaction pro-
ducts. After that, the optimized permeating method will be assayed
with more complex molecules as naringin chalcone and neo-
hesperidine chalcone. They are glycosilated flavanons and their
corresponding dihydrochalcones present important properties as
sweeteners [23]. Neohesperidin dihydrochalcone (NHDC) is a safe
semi-synthetic low-calorie sweetener, bitterness blocker, and fla-
vor enhancer with unique properties and applications for the food,
beverage, pharmaceutical, and animal feed industries.

2. Experimental
2.1. Chalcone preparation

The benzalacetophenone (1,3-diphenyl-2-propen-1-one) and
the benzalacetone (4-phenyl-3-buten-2-one) were obtained by the
condensation of acetophenone or acetone with benzaldehyde in the
presence of aqueous alcoholic alkali (method of Claisen-Schmidt)
[24]. An aliquot corresponding to 1.1 mol of acetone was mixed
with 0.4mol of benzaldehyde. An aliquot of 10% NaOH aqueous
solution was added and the temperature was controlled with a
cold bath in the range of 25-31 °C. Hydrochloric acid was added
up to neutralization and the aqueous layer was extracted with
benzene. The product formed was recrystallized from ethanol. The
benzalacetophenone was prepared using a similar method. The cor-
responding moles of acetophenone and benzaldehyde were added
to a NaOH water-ethanol solution previously cooled on an ice
bath. The temperature was controlled in a range between 15 and
30°C.

The melting point of the purified benzalacetophenone obtained
was 54-56°C and the benzalacetone melting point was 40-42°C.
Both ranges are in good agreement with the literature values [24].
These chalcones were also characterized by using UV-vis and 'H
and '3CNMR analysis. The spectra obtained are described in Section
3 of the present paper. The benzalacetophenone and benzalacetone
solutions for hydrogenation reactions were prepared using ethanol
as solvent.

2.2. Cell and equipment

The cell used for the catalytic hydrogenation was composed
of two compartments separated by a Pd sheet (geometric area:
3.14cm?, thickness: 50 wm) which served as a cathode for water
electrolysis in 1 mol L~! KOH aqueous solution to produce atomic
hydrogen [25]. A platinum sheet was used as a counter electrode.
The galvanostatic electrolysis was carried out at various applied
currents between 25 and 150 mA.

No supporting electrolyte was needed by using this hydroge-
nation method and the benzalacetone and benzalacetophenone
solutions were prepared in ethanol solvent and the concentration
range was from 0.1 to 10mmolL-!. As chalcones are photo-
sensitive compounds, their degradation induced by light was
prevented. The cell compartment containing the chalcone solution
was protected from light action with aluminum foil and adequately
closed to prevent solvent evaporation and the consequent concen-
tration changes. Chalcones remained un-reacted in the absence of
the hydrogenation conditions. Their stability was monitored for
25h, a time period equivalent to that used in the experiments. This
stability was verified by GC and by UV spectrophotometry.
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For enhancing the catalytic activity for the hydrogenation, the
load of the catalysts (palladium) on the Pd sheet electrode must be
effective.

Therefore, the Pd sheet was palladized using the permeating
hydrogen method. For the palladization method the same two-
compartment cell was used. A 1molL~! KOH solution was put in
the compartment having a Pt sheet anode and a Pd cathode for the
production of active hydrogen. A 1 mol L-! HCl solution containing
25 mmol L~! Pd(NH3)sCl, was introduced into the other compart-
ment for the deposition of Pd black. The active hydrogen was
produced in galvanostatic electrolysis at 3.4 mA cm~2 for 60 min.

A potenciostat-galvanostat L.Y.P. ELECTRONIC M10, controlled
with software was used for the water electrolysis.

The course of the hydrogenation reaction was followed by
UV-vis absorption spectroscopy (UNICAM scanning spectrometer
UV-2) as well as Gas chromatography (GC). The GC measurements
were performed in a Konik HRGC 3000 C Chromatograph, coupled
with a Konikron data analysis programmer equipped with a capil-
lary column Kromxpek DEGS 15% and FID detector.

The reaction product purification was carried out by achromato-
graphic separation on silicagel plates using a radial chromatograph
and a mixture of hexane-ethyl acetate (95:5) as elution solvent
system revealed with UV light. Three pure compounds were obtai-
ned. The purity of such compounds was checked by thin layer
chromatography and gas chromatography. The reaction product
identification was performed by NMR measurements.

TH NMR spectra were measured in CDCl; with TMS as internal
standard at 200.13 MHz on a Bruker AC200 NMR spectrometer [26].
Chemical shifts (relative to TMS) are expressed in ppm and coupling
constant (J) in Hz.

2.3. Determination of real area and roughness factor

The real area and roughness factor of the sheet Pd electrode
and palladized Pd (Pd/Pd black) electrode were determined by
linear sweep voltammetry [27,28]. A palladium electrode pre-
viously reduced at 0.0V was potentiostated at 1.0V in oxygen
saturated 0.1 molL~! KOH solution for 120s and then the poten-
tial applied to the electrode was linearly scanned at 20Vs~! to
—0.20V at which the adsorbed oxygen species were considered to
be completely reduced. The amount of charge required to reduce
the adsorbed oxygen species, Q,.4, Was calculated by graphic inte-
gration of the current-potential response. The values of palladium
sheet and Pd/Pd black electrodes were found to be about 1875
and 3541 uC, respectively. Taking the charge density value of
255 wCcm~2 required to complete coverage with oxygen adsorbed
species the real area and roughness factor were calculated [29]. The
roughness factor is the relation between real area and the geome-
tric area. The values of the Pd sheet and Pd/Pd black specimen were
calculated to be 2.3 and 4.4, respectively. The roughness factor of
the sheet Pd specimen was close to that values of 2 and 2.2 reported
by other researchers [28,30].

All the values of the density current informed in the present
paper were calculated by considering the real area of the palladium
electrodes.

2.4. Chemical hydrogenation

The chemical reduction of benzalacetophenone and benzalace-
tone by a typical catalytic hydrogenation for the identification of
the products was done. The procedure was carried out in cataly-
tic reduction equipment at 2 atm of H, pressure using 0.001 g of
platinum black as catalyst and 50 cm3 of a 10 mmol L~! benzalace-
tophenone (or benzalacetone) ethyl acetate solution [27].

2.5. Electrochemical impedance spectroscopy

The impedance measurements were used with permeation cell
for analyzing the hydrogen permeation. A cathodic potential was
imposed to the cathodic side of the palladium membrane by using
an AUTOLAB-PGSTAT 30. The hydrogen absorbed into the cathodic
side of the membrane diffuses toward its anodic side. The electrode
impedance was determined using a Frequency Response Analyzer
System (FRA) module by superimposing an ac signal of 5 mV ampli-
tude on a dc potential of —0.60 to —0.70V (rhe) over the frequency
ranging from 10 mHz to 10 kHz. The experimental frequency was
scanned from high to low value. All experiments were carried out
at room temperature.

3. Results and discussion
3.1. Hydrogenation of chalcones by the permeation method

The benzalacetophenone and benzalacetone hydrogenation
reactions were followed by UV-vis absorption spectroscopy. Fig. 2
shows the typical absorption spectrum between 220 and 400 nm
of a 0.1 mmol L~! benzalacetophenone ethanolic solution. The ini-
tial spectrum shows an absorption band with a Amax at 310 nm.
The major adsorption band in chalcones (Band I) usually occurs in
the range of 340-390 nm but this absorption band shifts to shor-
ter wavelengths in chalcones lacking an oxygenated B-ring [31].
In this sense, benzalacetophenone Amax 0of 310 nm is in agreement
with the literature.

The benzalacetophenone solution was put in one of the com-
partment of the cell and exposed to active hydrogen for 25 h with
a Pd sheet electrode. The current density for the electrogenera-
tion of the hydrogen atoms was 3.4 mA cm~2. The band at 310 nm
decreases during the hydrogenation process. Similarly, the benza-
lacetone solutions presented the absorption Amax at 288 nm and the
spectral behaviour during the hydrogenation reaction was similar
to that of the benzalacetophenone solution.

For enhancing the catalytic activity for the chalcones hydroge-
nation, palladium was deposited on the substrate side of the Pd
sheet using atomic hydrogen permeating through it, as described
in Section 2.

The rate of the hydrogenation reaction was evaluated for both
two Pd electrodes: Pd sheet and palladized Pd measuring the
absorbance at Amax value as a function of time. Fig. 3 shows the
absorbance values of benzalacetophenone solution at 310 nm when
a density current of 3.4 mA cm—2 was used for the production of the
H atoms. The time-dependent absorbance A; was fitted using a first-
order kinetic law at the monitored wavelength, as shown in Eq. (5)

3.0 Time/h
310 0
2.5 I
2
< 20
[} 35
e
= 1.5F
£
2 1.0}
O
<C
0.5
00 200 250 300 350 400

Wavelength/nm

Fig. 2. UV-vis absorbance spectral changes during the hydrogenation process of
0.1 mmol L~! benzalacetophenone methanolic solution. The current for the electro-
generation of active hydrogen was 3.4mA cm~2 for 35 h.



5834 M. Gutierrez et al. / Electrochimica Acta 55 (2010) 5831-5839

25 @ Pd
O Pd/Pd
2.0
)
< 15}
Fo}
Q
c
@
2 10}
o
w
Q
<
0.5
0.0 1 1 | 1
0 10 20 30
time/h

Fig. 3. Time course of the benzalacetophenone solution absorbance for two kinds
of electrodes: Pd sheet and Pd/Pd black. The initial concentration was 0.1 mmol L~!
and the current for producing atomic hydrogen was 3.4 mA cm~2.

[32].
At = Ao + (Ao — Axo) exXp(—kgpst) (5)

where Ag and A, are the absorbance values at the initial and
final times of the reaction, respectively, and kg is the observed
first-order rate constant that included the active hydrogen concen-
tration. The rate constants were estimated from the experimental
results of Fig. 2 and the values for the Pd sheet and Pd/Pd black
electrodes were 0.12 and 0.22h~1, respectively. The increase of
rate constant values is in agreement with the increase of rough-
ness factor, which changes from 2.3 for the Pd sheet electrode to
4.4 for the Pd/Pd black electrode. The real area and roughness factor
were calculated from the amount of charge required to reduce the
adsorbed oxygen species, Q,¢q and taking the charge density value
of 255 wC cm~2 required to complete coverage with oxygen adsor-
bed species as described in the experimental section. Therefore,
the palladized Pd electrode improved the rate of the benzalace-
tophenone hydrogenation as a result of the active area increased
as expected in these conditions. The H atoms permeate no only
through the Pd sheet but also through the Pd black deposits. As
previously reported [20], the effect of roughness factor over the 4-
methylstyrene hydrogenation indicates that the product formation
rate increased with an increase in surface roughness factor until
this increase was suppressed steadily, suggesting that the rate-
determining step changed from the hydrogenation to the supply
of the active hydrogen.

The hydrogenation of the chalcone solutions was performed at
different currents for the production of active hydrogen on Pd/Pd
black electrode. Fig. 4a shows the absorbance values as a func-
tion of time for benzalacetophenone solution in the galvanostatic
electrolysis at various applied currents. The disappearing rate of
benzalacetophenone during the hydrogenation process increases
with the current value.

Fig. 4a inset also shows the rate constant values of the ben-
zalacetophenone reaction calculated from Eq. (5) as a function
of the current density for the production of atomic hydrogen.
The reduction rate increases almost linearly with an increase in
the current density up to 8.6 mAcm~2. This result indicates that
the current efficiency for the reduction of benzalacetophenone
is almost constant in the range of current density from 3.4 to
8.6 mA cm~2. While higher values deviate from the linear behavior.
These results would suggest that the amount of active hydrogen
limits the hydrogenation process. On the other hand, the hydrogen
absorption reaction (har) at the input side of Pd membrane com-
petes with the hydrogen evolution reaction (her) which decreases
the permeation yield. In this sense, Gabrielli et al., working with

Pd membranes of 50 and 100 p.m thicknesses, informed that a per-
meation yield close to 100% is obtained when the current density
is lower than 2 mA cm~2. Beyond this value, the har competes with
the her and the hydrogen atoms generated at the input side by
applied current, is partially inserted in the palladium membrane
and partially evolved as H; [33].

The current efficiency for the hydrogenation of benzalacetophe-
none was evaluated for two independent methods as follows: (i)
dividing the value of the specific rate of benzalacetophenone disap-
pearing (the slope of each straight line in Fig. 4a) by that calculated
from the charge passed during the reaction time, (ii) dividing the
value of the product yield by the charge that corresponds to the
hydrogen generated during the reaction hydrogenation time (25 h).
The identification of the products is explained farther on in the
separated item. The current efficiency increased when the current
density for water electrolysis decreased. The maximum value was
31% and corresponds to 3.4 mA cm~2. This behavior is similar to the
dechlorination of 4-chlorotoluene by palladized Pd electrode [22]
and the efficiency value is in agreement with the results informed
for the discoloration of amaranth using Pd/Pd black electrode and
a low initial concentration value [21].

The effect of the initial chalcone concentration on the current
efficiency is shown in Fig. 4b. In the same figure, the values of
the hydrogenation efficiency calculated from the product yield
determined by chromatographic method are included indicating
that there is a good agreement. The current efficiency increased
almost linearly with an increase in the initial benzalacetophe-
none concentration until 1.5 mmol L-'. Beyond such concentration,
the values were deviated, the current efficiency at 10 mmol L~!
concentration being of 97%. This value suggests that the produ-
ced hydrogen atoms are effectively used in the hydrogenation
of chalcone and the amount of active hydrogen could limit the
hydrogenation process. To support this hypothesis, the Devana-
than and Stachurski method carried out by Inoue et al. would
be used as the conventional method. Inoue et al. evaluated the
rate of hydrogen permeation for Pd/Pd black electrode for a simi-
lar hydrogenation system measuring the anodic current for the
oxidation of permeated H atoms through the Pd membrane of
50 wm thickness. The oxidation current increased continuously
with the time after initiation of the galvanostatic electrolysis for
the production of H atoms and then, it reached a saturation limit
because the H atom permeation reached a steady state [25]. The-
refore, they concluded that hydrogenation process can be limited
by the active hydrogen. As an innovative alternative to study the
hydrogen permeation during the hydrogenation reaction, the elec-
trochemical impedance spectroscopy (EIS) method was proposed
in this work. EIS allows to estimate the hydrogen diffusion coef-
ficient and to distinguish the different elementary steps of the
reaction.

3.2. Electrochemical impedance spectroscopy

The permeation experiments with EIS were carried out by impo-
sing a cathodic potential on the entry side to produce hydrogen,
which enters the metallic membrane. When the hydrogen per-
meates to the opposite face of the membrane, it can be used for the
hydrogenation reaction. The outside is under open circuit poten-
tial. Fig. 5a shows the Nyquist plots of impedance spectra for the
Pd/Pd electrode in 0.1 mol L-! NaOH solution in the potential range
of —0.60 to —0.70V in the entry side and 0.1 mmolL-! chalcone
ethanolic solution in the outer side.

The impedance spectra involve charge transfer, adsorption
and absorption reactions, as well as diffusion in the electrode
in sequence as the frequency decreases. The semicircle in the
high frequency range corresponds to the charge transfer reaction.
Warburg impedance appears in the low frequency range, represen-
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Fig. 5. Impedance complex plot obtained from Pd electrode at various potential of (A) —0.60V, () —0.65V, (O) —0.70V. Solid line represents the simulated curves calculated
by using optimum fitted parameters: (a) 0.1 mol L-! KOH in the entry side compartment of the permeating cell and 0.1 mmol L-! benzalacetophenone solution in the outside

compartment; (b) 0.1 mol L-! KOH in the two compartments permeating cell.

ting the diffusion process of hydrogen under permeable boundary
conditions. When the potential decreases, the Warburg impedance
deviates more negatively from the theoretical curve and the semi-
circle is smaller.

Real and imaginary components, Z' and Z”, obtained at each dc
potential were analyzed by using CNLS fitting method to determine
the kinetic parameters.

We considered the permeable boundary condition for hydro-
gen permeation [29]. In alkaline solutions, the hydrogen discharge
shows the hydrogen evolution reaction (her) and the hydrogen
absorption reaction (har). The first step of the her involves an elec-
troreduction of the water molecule, with the formation of hydrogen
adsorbed on the metal surface (Volmer adsorption), followed by
either Tafel chemical desorption or Heyrovsky electrochemical
desorption [34].

The har is described by two models. One is indirect har, that
is hydrogen entering the metal through an adsorbed state [35].

Table 1
Optimum fit-parameters involved in Eq. (8) obtained at various overpotentials.

The other is direct har, that is hydrogen directly entering the metal
without passing through the adsorbed state [36]. Both her and har
compete on the Pd electrode.

We considered the indirect model and the constant phase ele-
ment (cpe) in the double-layer impedance. The equations used are:

1

Bo(jw)? ©)

Zcpg =
where By is a constant having dimension of Fcm=2 s~(1-9) [37,38].
Thus, the total impedance is

1

Zt =Rs+ #
B(jw) +Yf

(7)

where R is the solution resistance.
The values of the parameters obtained from the fitted one
are summarized in Table 1. From these values theoretical impe-

E vs. Hg[HgO (V) Bo (x10*Fcm2s~(1-9)) @ (x1071) R (2 cm?) B (x10°cms!) Ieq (x10% cm) Dy (x107 cm2s1)
—-0.60 2.04 9.72 130.1 182.4 11.2 3.1
—0.65 1.98 9.32 52.2 45.2 4.1 3.5
-0.70 1.97 9.38 111 13.5 3.2 3.6
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dance complex are obtained which are represented by solid lines
in Fig. 5a.

The equilibrium constant Keq for the har is the concentration
ratio between absorbed hydrogen to the adsorbed hydrogen on the
surface and it is the inverse of the leq informed in Table 1. The Keq
values were found to be: 8.9 x 102cm~! at —0.70V, 2.4 x 103 cm™!
at —0.65V and 3.1 x 103cm~! at —0.60V. The values of Keq, the
charge transfer resistance, R, and the hydrogen diffusion coef-
ficient, Dy, are in agreement with those informed by Lim and
Pyun [29]. They worked with permeation cell where the cathodic
potential was imposed to the cathodic side of the Pd membrane
of 50 wm thickness. The anodic side was subjected to a constant
anodic potential which allowed any hydrogen to be oxidized to H*
coming through the membrane, keeping the activity of hydrogen
at zero.

Fig. 5b shows the Nyquist plots of impedance spectra for the
Pd/Pd electrode in 0.1 mol L-! NaOH solutions in two compartment
of the cell (without chalcone), at —0.60, —0.65 and —0.70V. In this
case, the hydrogen does not cross the metal solution interface at
the exit side. The complex diagram shows that the Warburg impe-
dance is not deviated with decreasing potential as it is observed in
Fig. 5a with the presence of chalcone. Besides, the vertical capaci-
tive branch for low frequency characteristic of the impermeability
conditions does not appear. Gabrielli et al. observed such beha-
viour for the transfer functions measured at a galvanostatic control
of the exit side (I; =0) for a 50-p.m thickness membrane at a fre-
quency lower than 10 mHz [33]. It is possible that we could not
reach such condition because 10 mHz was the lowest frequency
value used in our experiments. The results obtained under 10 mHz
were not reproducible due mainly to high background noise at low
frequencies.

The impedance results obtained during the chalcone hydroge-
nation process would indicate that the hydrogen permeated trough
the membrane is consumed by the chalcone during the hydrogena-
tionreaction keeping the condition of hydrogen activity almost zero
in the outer side of the Pd membrane. In our experiment, this side
is under open circuit potential conditions. The reaction sequence
of the process is the reaction (1) followed by this mechanism [29].

MH,4s = MHps — diffusion — MH,4s + MY,4s — H2Y +2M (8)

where MY,4s and MH,4s represents the chalcone molecules and
hydrogen atom adsorbed on the metal surface in the other side.
The hydrogen absorption rate is diffusion-controlled.

3.3. X-ray diffraction

Fig. 6a shows the X-ray diffractograms recorded for Pd metal
sheet before being used in the hydrogenation process. The (111),
(200)and (22 0)peaksrelative to palladium fcc structure are obser-
ved. The relative intensity of the (11 1) peak is lower than those of
(200) and (2 2 0) peaks, showing same preferential orientation in
the crystalline structure of Pd sheet. Fig. 6b shows the X-ray diffrac-
tion patterns for Pd/Pd obtained after the hydrogenation process of
the chalcone at 6.8 mA cm~2. It shows the same pattern of peaks of
the Pd sheet diffractogram with different intensities and the spec-
trum is similar to that informed in the literature. The palladized
process performed with hydrogen permeating method produces
a Pd black deposit [39]. The (111) peak is higher than Pd sheet
and there are no peaks corresponding to hydride formation. In
both figures, the peaks corresponding to palladium oxide were not
observed. The lattice parameters were calculated from the Bragg
equation and the values are in agreement with the literature being
3.90 for Pd sheet and 3.89 for Pd/Pd sample [40].

SEM photographs of surface for the Pd sheet and Pd/Pd black
samples are shown in Fig. 7a and b, respectively. The surface of
Pd sheet is smooth with some defects while the surface of Pd/Pd
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Fig. 6. XRD diffraction pattern for Pd electrode: (a) Pd sheet before permeation
reaction; (b) Pd palladized on Pd sheet electrode after using in hydrogen permeation
reaction.

black shows a three-dimensional growth of Pd black deposits with
a crystallite size of about 1 um. After hydrogenation reaction the
attack of the surface is also observed.

3.4. Identification of reaction products

The reaction mixture of hydrogenation products was analyzed
by gas chromatography. The purification of the hydrogenated pro-
ducts was carried out by radial chromatography, and subsequent
identification of them by RMN spectroscopy.

The benzalacetophenone (1,3-diphenyl-2-propen-1-one) is and
o,B-unsaturated aromatic ketone. Hydrogenation of the double
bond C=C produces a 1,3-diphenyl-propan-1-one (1a); if the C=0
is hydrogenated, a 1,3-diphenyl-2-propen-1-ol (1b) is formed;
and subsequent hydrogenation of either product leads to a 1,3-
diphenyl-propan-1-ol (1c) (Fig. 8).

The main hydrogenation products were also produced by the
classical catalytic hydrogenation (CH). Benzalacetophenone were
hydrogenated using hydrogen at high pressure and black platinum
catalyst as described in the experimental section. The chemical
hydrogenation products were separated using radial chromatogra-
phy and subsequently, NMR analysis for each isolated fraction was
performed for identifying the compounds. After that these frac-
tions were analyzed by GC and used as standard for identification
purposes.
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Fig. 7. SEM images of Pd electrode: (a) Pd sheet before permeation reaction; (b) Pd palladized on Pd sheet electrode after used in hydrogen permeation reaction.

3.5. Benzalacetophenone NMR analysis

The spectrum of 'H NMR of the E-chalcone synthesized in the
laboratory was coincident with that published in the literature [41].
After chemical CH, the signal of H of benzalacetophenone (1) and
the reduction products (1a), (1b) and (1c) are observed (Fig. 8).
The spectrum shows two triplets at §=3.30ppm (J=7.8 Hz) and
8=3.07 ppm (J=7.8 Hz) assigned to the hydrogen of position 2 and
3 of the 2,3-dihydrochalcone (1a), respectively, which is the main
product. Traces of the products (1b) and (1c) are present: a triplet
at 6=4.65ppm (J=7.8Hz) and a doublet at § =5.40 ppm, respecti-
vely. The relationship obtained from the integration of the (1) and
(1a) signal compounds is 7.9/2.1 (a ratio of 3.76). The result indi-
cates that compound (1a), benzylacetophenone yield corresponds
to a 79%, and the (1b) (1c) are in traces. The benzalacetophenone
remains in 21%.

The hydrogen permeation reaction was carried out and the pro-
ducts were analyzed by GC and identified using the product of
chemical hydrogenation as standard. Only one product was obser-
ved, which was identified as (1a) benzylacetophenone (86%). The

o

0 OH
U

1a 1b

Fig. 8. Scheme of the products obtained in the hydrogenation catalytic reaction of
the benzalacetophenone.

benzalacetophenone remains in 14%. Relative changes were eva-
luated assuming that the consumption of the chalcone was due only
to the formation of hydrogenated product by permeation method.

Fig. 9 shows the chromatogram of the benzalacetophenone
solutions: (a) benzalacetophenone before the reaction (b) after
hydrogenation process using CH method and (c) after hydrogen
permeation reaction. The benzalacetophenone shows a peak at
tg =8.4 min. After the reaction, three peaks corresponding to the
products produced by CH method are observed at tg=5.4 min,
tg =5.6 min and tg =5.9 min and one peak of the product for per-
meating method at tg =5.6 min.

The hydrogenation reaction for benzalacetone (4-phenyl-3-
buten-2-one) using the both methods: chemical and hydrogen
permeating through a palladium membrane showed the same
behaviour.

The result indicates that compound benzylacetone (4-phenyl-2-
butanone)yield corresponds to a 59%, the 4-phenyl-3-buten-2-ol to
a 16% and 4-phenyl-2-butanol in 4.5%. The benzalacetone remains
in 20.5%.
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Fig.9. GC chromatograms of the benzalacetophenone and the hydrogenation reac-
tion products: (a) benzalacetophenone as-synthesized; (b) chemical hydrogenation
with gas hydrogen at 2 atm with Pt black as catalyst; (c) hydrogen permeating
through Pd/Pd black electrode.
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The hydrogen permeation reaction was carried out and the
products were analyzed by GC and identified using the product
of chemical hydrogenation as standard. Only one product was
observed, which was identified as benzylacetone (71%). The ben-
zalacetone remains in 29%.

The results obtained during the catalytic hydrogenation reac-
tion of benzalacetophenone and benzalacetone on Pt/Pt catalyst
show that ketone hydrogenated, unsaturated alcohol and saturated
alcohol are obtained as products. On the other hand the hydroge-
nation of these chalcones using permeation hydrogen lead to the
ketone hydrogenated as only product. The hydrogen reaction is
performed on palladium and Pd/Pd black catalysts and also is a
catalytic reaction but the difference is that it is possible control-
ling the hydrogenation process with the current value of hydrogen
generation.

There are several studies of the selective hydrogenation of the
o,3-unsaturated carbonyl compounds in relation with the compe-
titive C=C and C=0 adsorption [10-13] and it is generally assumed
that the reactive bond is the one involved in chemisorption on the
surface. Therefore the problem of selective hydrogenation can be
reduced in a first rough approximation to determine the electronic
factors which control the adsorption mode of the a,3-unsaturated
carbonyl compound.

Benzalacetone has similar structure than cinnamaldehyde
and chalcone. All of them contain at least a benzene ring, a
carbon-carbon double bond and a conjugated carbonyl group.
Cinnamaldehyde is one of the most experimentally studied unsa-
turated aldehydes and it is used as model for theoretical and
experimental studies to the selective hydrogenation of the o,3-
unsaturated carbonyl compound. Aldaz et al. [13] the influence
of the shape/surface structure of Pt nanoparticles on the selec-
tive hydrogenation of crotonaldehyde and cinnamaldehyde has
been studied. Pt(11 1)/C showed higher selectivities to unsatura-
ted alcohol than Pt(100)/C and Pt/C samples. Delbeq et al. done
a very elucidating paper to explain the behavior of platinum and
palladium metal towards the hydrogenation of o,[-unsaturated
aldehydes [42]. Their argumentation rest on the hypothesis that
the double bond which is first hydrogenated is the one invol-
ved in the chemisorption on the surface. The preferred adsorption
modes allow one to explain the selectivity observed with different
geometry molecules They informed that phenyl ring of the cinna-
maldehyde has a non-negligible stabilizing interaction with the
surface which explains that the adsorption geometries through
the C=C bond are more stable than those through the C=0 bond.
This is present when the four electron repulsions between the sur-
face and the molecule is small and this is the typical case for a
palladium catalyst. Palladium is intrinsically a poor catalyst for
selective hydrogenation of the C=0 bond of a o,[3 ethylenic alde-
hyde. Carbonyl groups are usually hydrogenated over platinum
while hydrogenation has not been reported over palladium for ali-
phatic aldehydes [43,44].

In the present paper we assayed for the first time the permea-
ting method for hydrogenation of chalcones using simple molecules
as benzalacetone and benzalacetophenone. The electrochemical
impedance spectroscopy (EIS) resulted appropriate method to
study and model the hydrogenation reaction.

Further work is under progress in our laboratory on the optimi-
zation of the hydrogenation of more complex molecules as naringin
and neohesperidine chalcones of biological interests.

4. Conclusions
The hydrogenation of the benzalacetophenone and benzala-

cetone was developed using permeating hydrogen through the
palladium membrane electrode. The reaction was carried out using

a two-compartment cell separated by Pd sheet and palladized Pd
(Pd/Pd black) sheet electrodes. The catalysts were characterized by
XRD and SEM.

XRD studies show that there are no peaks corresponding to
hydride formation and the peaks corresponding to palladium oxide
are not observed. SEM analysis of the Pd/Pd black samples shows
a three-dimensional growth of Pd black deposits with a crystallite
size of about 1 um. After the hydrogenation reaction, the attack
to the surface is also observed. The current efficiency for hydro-
genation reaction increases when the current density for water
electrolysis decreases and depends on the initial chalcone concen-
tration. It is over 90% at the concentration of 10 mmol L.

The reduction products were identified by GC chromatogra-
phy, UV-vis absorption spectroscopy and NMR spectroscopy. The
ketone hydrogenated, unsaturated and saturated alcohols are
obtained when the catalytic hydrogenation is performed using Pt/Pt
electrode. The hydrogen permeating method lead to the ketone
hydrogenated as single product because palladium catalystis a very
good catalyst for the C=C hydrogenations, but a very bad catalyst
for hydrogenation of carbonyl compounds. In addition, the rate of
hydrogenation can be easily controlled by the electrolytic current,
which is one of the advantages of that method.

The hydrogen absorption and diffusion into and through a
palladium membrane electrode has been studied by using an ac
impedance method. We considered the permeable boundary condi-
tion for hydrogen permeation and indirect model for har that is
hydrogen entering the metal through an adsorbed state. The Keq,
Rt and Dy values are in agreement with the values informed by Lim
and Pyun which worked with permeation cell, where the anodic
side was subjected to a constant anodic potential which hydro-
gen atoms oxidized to H* keeping the activity of hydrogen equal to
zero. The impedance results obtained in the present paper would
indicate that the hydrogen permeated trough the membrane is
consumed by the chalcone during the hydrogenation process kee-
ping the hydrogen activity almost zero in the outer side of the Pd
membrane.
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